The synthesis of phosphatidylserine in two gram-positive aerobic bacteria has been partially characterized. We have located a cytidine 5'-diphospho-diacylglycerol:L-serine O-phosphatidyltransferase (phosphatidylserine synthase) activity in the membrane fraction of Bacillus licheniformis and Bacillus subtilis. The activity was demonstrated to be membrane associated by differential centrifugation, sucrose gradient centrifugation, and detergent solubilization. The direct involvement of cytidine 5'-diphospho-diacylglycerol in the reaction was demonstrated by the conversion of the liponucleotide phosphatidyl moiety to phosphatidylserine. This activity is dependent on divalent metal ion (manganese being optir*l) arMd is stimulated by nonionic detergent and its product phosphatidylserine. Based on studies with various combinations of products and substrates, the reaction appears to follow a sequential BiBi kinetic mechanism.
The pathways of phospholipid biosynthesis have been well established in several gram-negative species of bacteria (7), particularly for Escherichia coli (22) . In E. coli, many of these biosynthetic enzymes have been purified either partially or to homogeneity (22) . The CDP-diacylglycerol-dependent phosphatidylserine synthase is unique among the phospholipid biosynthetic enzymes in gram-negative organisms in that it is associated with ribosomes rather than the membrane fraction in cell-free extracts (7, 24) . Although studies of both the purified enzyme (2) and the enzyme in crude extracts (18) from E. coli suggest a membrane localization for this enzyme in vivo, a physiologically important role for the affinity of the enzyme for ribosomes has not been completely ruled out.
Patterson and Lennarz presented evidence for the presence of a phosphatidylserine-synthesizing activity dependent on CDP-diacylglycerol in membrane ghost preparations of Bacillus sp. strain PP, an undefined derivative of Bacillus megaterium; this activity, unlike that from gram-negative bacteria, was stimulated by the addition of Mg2+ (21) . This communication did not rigorously exclude the possibility of the association of the enzyme with membrane-bound ribosomes or the absence of the activity from the supernatant fraction of the cell. Carman and Wieczorek (3) have reported a phosphatidylserine synthase activity in a gram-positive anaerobe, Clostridium perfringens, possessing a divalent metal ion requirement and a membrane location. Upon solubilization of the membrane preparation with Triton X-100 and subsequent centrifugation, however, only 18% of the total activity was detected in the supernatant, with the remainder being unaccounted for. Neither of these reports ruled out the possibility that CDPdiacylglycerol simply stimulated the incorporation of radiolabeled serine into endogenous lipid as opposed to participating as a substrate in the reaction; precedence for such a stimulatory role has been shown in cardiolipin synthesis in E. coli (9) . Silber et al. (28) , working with another gram-positive anaerobe, Clostridium butyricum, noted the formation of radiolabeled phosphatidylserine from phosphatidic acid labeled in the acyl chains in a coupled in vitro assay of CDPdiacylglycerol synthase and phosphatidylserine synthase; this observation supports the existence of a CDP-diacylglycerol-dependent phosphatidylserine synthase in this organism. In addition, this activity was shown to be membrane associated as judged by sucrose gradient centrifugation, thus establishing a membrane location for this activity in a gram-positive anaerobe.
There has been a recent report describing in vivo pulse-chase experiments on B. megaterium (ATCC 14581) which indicate a precursor-product relationship between a rapidly metabolizing pool of phosphatidylglycerol and phosphatidylserine, respectively, suggesting no requirement for a CDP-diacylglycerol-dependent phosphatidylserine synthase activity in this organism (17) .
CDP-diacylglycerol-dependent phosphatidylserine synthase activity or the presence of an enzyme catalyzing the exchange of the glycerol moiety of phosphatidylglycerol for serine were not performed. Langley et al. (14) have reported the presence of a phosphatidylserine synthase activity dependent on CDP-diacylglycerol in extracts of B. megaterium KM (ATCC 13632) which also showed an in vivo labeling pattern similar to that reported for strain ATCC 14581. This strain is atypical in that phosphatidylserine constitutes an abnormally large fraction of the total phospholipid; they did not mention either the presence or absence of the activity in the bacilli strains studied which contained no detectable phosphatidylserine. The activity was reported to be associated with both the supernatant and pellet fractions separated by centrifugation at 100,000 x g. In addition, the authors did not rule out a possible stimulatory role for CDP-diacylglycerol in the reaction.
In mammalian systems, an entirely different pathway for phosphatidylserine synthesis has been established (1), involving a reaction between CDP-ethanolamine and diacylglycerol, followed by the substitution of the head group of the resultant phosphatidylethanolamine by L-serine. In yeast systems, however, in vitro labeling studies on cell-free extracts indicate the simultaneous existence of both the mammalian and bacterial pathways of phosphatidylserine formation (29) . Like the enzyme in Bacillus sp. strain PP, C. perfringens, and C. butyricum, the apparent CDP-diacylglycerol-dependent phosphatidylserine synthase activity in yeasts also appears to be particulate and dependent upon divalent metal ion for activity in marked contrast to E. coli enzymatic activity (10) . Therefore, both bacteria and yeasts appear to possess a CDP-diacylglycerol-dependent phosphatidylserine synthesizing activity, but this has only been rigorously established for E. coli. The location of this activity, particularly in grampositive organisms, has only been partially investigated. In light of reports that some bacilli may not synthesize phosphatidylserine via a CDP-diacylglycerol-dependent pathway and since these organisms have been used in studies of membrane lipid synthesis and assembly (27) Preparation of cell fractions. All of the following procedures were carried out at 4 to 5°C. Harvested cells (from 1 liter of growth medium) were washed once with 10 mM Tris-maleate (pH 7.0) containing 0.1 mM MgCI2. Cells were suspended in 25 to 30 ml of 50 mM Tris-maleate (pH 7.0) containing 0.1 mM MgCl2 and 5 mM 2-mercaptoethanol and broken by two passes through a French pressure cell. Unbroken cells were removed by a 10-min centrifugation at 3,000 x g. The membrane and supernatant fractions were separated by centrifugation at 100,000 x g for 1 h. The resulting pellet was suspended in the above buffer, recentrifuged, resuspended in buffer and used as the membrane preparation. The membrane fraction was extracted with detergent by including either Triton X-100 or octyl glucoside at 2% (wt/vol) in the resuspension buffer. After the suspension was stirred for 1 h, it was centrifuged at 100,000 x g for 2 h; the supernatant constituted the detergent extract.
Preparation (16) and [5- 'H]CDP-diacylglvcerol (25) were prepared as previously described. Phosphatidic acid used in preparation of phospholipid substrates was prepared from egg phosphatidylcholine (31) .
Cytidine-P-2P-1,2-diacyl- . The 32P-labeled CDP-diacylglycerol was extracted from the silica gel, using acidic Bligh-Dyer solvent, as previously described (12). Enzyme assays. All assays were carried out at 37°C. One unit of enzymatic activity was defined as the amount of enzyme required to form 1 nmol of product in 1 min under optimal conditions. Specific activity was based on the units per milligram of protein as determined by the method of Lowry et al. (19) . Phosphatidylserine synthase activity was followed by the incorporation of L-[3-3H]serine into chloroformsoluble material in the presence of CDP-diacylglycerol (24) . The standard assay mixture contained 0.125 M Tris-maleate (pH 7.5), 1% Triton X-100 (wt/vol), 10 mM MnCl2, 10 mM L-[3-3H]serine (400 cpm/nmol), 0.125 mM CDP-diacylglycerol, 0.5 mM phosphatidylserine, and enzyme in a final volume of 0.2 ml; the reaction was terminated after 20 min by the addition of methanol containing 0.1 N HCI. Chloroform-soluble products were separated from water-soluble components by phase partitioning, as previously described (16) , and counted for radioactivity. When octyl glucoside (1%) was present in the assay, Triton X-100 was omitted. The hydrolysis of CDP-diacylglycerol was followed by the release of water-soluble [5- and sucrose gradient centrifugation, the phosphatidylserine synthases of B. licheniformis and B. subtilis appear to be tightly membrane associated in crude cell extracts. The majority of the phosphatidylserine synthase activity was recovered in the pellet after centrifugation of crude extracts at 100,000 x g for 2 h ( Table 1) . The activity not recovered in the membrane fraction was accounted for in the cell supernatant presumably as unsedimented membrane fragments; the increase in specific activity in the membrane fraction is consistent with enrichment of this activity in the membranes. Extraction of the membrane fractions with octyl glucoside resulted in 75 to 80% of the activity no longer being sedimentable with good total recovery of activity. Similar solubilization results were effected by Triton X-100, but two successive solubilizations were required to attain comparable release of activity.
Since differential sedimentation of the ribosomally associated phosphatidylserine synthase of E. coli under some conditions could be interpreted as membrane association (24), gradient centrifugation was used to verify the membrane location of this activity in B. licheniformis and B. subtilis; only results for B. licheniformis are shown since the results for B. subtilis were essentially the same. When extracts of these organisms were sedimented through sucrose gradients at low ionic strength, the profiles of A260 and phosphatidylserine synthase activity which were obtained are shown in Fig. 1A . The peak of absorbance near the bottom of the gradient just above the 70% sucrose shelf was due to membrane fragments, and the high absorbance towards the middle and the top of the gradient was due to the ribosomal and cytoplasmic fractions, respectively (24) . Nearly all the recovered activity was found to be associated with the This finding is in sharp contrast to the results of identical sucrose gradient centrifugation experiments performed with extracts of E. coli and four other gram-negative organisms, in which the bulk of the phosphatidylserine synthase activity was found to be associated with the ribosomes (7, 24) . When the experiment was performed with extracts in the presence of 1 M NH4Cl throughout the gradient (data not shown), the activity remained associated with the membrane fraction, making an ionic interaction between the activity and membranes unlikely. To rule out the possibility of divalent cations being responsible for such an association, a similar experiment was performed with 5 mM Na2EDTA present throughout the gradient; the results were identical to those in Fig. IA . To further confirm that the association was with membranes, extracts were incubated for 1 h at 4°C with 2% octyl glucoside. Sedimentation of such preparations through a gradient prepared with detergent throughout (Fig. IB) resulted in complete recovery of the activity at the top of the gradient presumably associated with detergent micelles. The absence of the membrane peak indicated complete solubilization of the membrane fraction. Furthermore, since no activity was found coincident with the ribosomal peak, it is unlikely that phosphatidylserine synthase is associated with membrane-bound ribosomes. To confirm that the absorbance peaks did indeed correspond to membranes and ribosomes, extracts of cells labeled either in the membrane fraction (sn-[2-3H]glycerol labeled) or the ribosome fraction ([U-"C]uracil labeled) were subjected to a similar sucrose gradient centrifugation. The radioactive profiles and enzyme activity profiles were wholly consistent with the assignment of absorbance and activity peaks in Fig. 1 . The sum total of these results strongly suggests a tight membrane association for the phosphatidylserine synthase activity of B. licheniformis and B. subtilis.
Properties of the phosphatidylserine synthase activity. Synthase activity was detectable at a low level under the assay conditions used for Bacillus sp. strain PP (21) extracts mainly due to the strong preference for manganese rather than magnesium as the divalent metal ion in the bacilli studied here (other divalent and monovalent ions were much less effective). The incorporation of radiolabeled serine into chloroform-soluble material in cell-free extracts is dependent on a divalent metal ion, the liponucleotide CDP-diacylglycerol and a nonionic detergent such as Triton X-100 (Table  2) ; octyl glucoside is also comparably effective at 1%. The increase in phosphatidylserine synthase activity was nearly linear with an increasing Mn2" concentration and reached a maximum around 10 mM. The inclusion of 1% Triton X-100 brought about a maximum stimulation of activity of eightfold. Higher Triton X-100 concentrations were not inhibitory (data not shown) in contrast to what has been shown for the phosphatidylserine synthase activities in C. perfringens (3) and E. coli (15) . Phosphatidylserine also stimulated the incorporation of serine into lipid product by cell-free extracts, and the combined stimulation by CDP-diacylglycerol and phosphatidylserine was synergistic, indicating that the effects may be mechanistically related. The effect of phosphatidylserine appears not to be protection of the newly formed lipid product from hydrolysis to water-soluble products, since no such hydrolase reaction could be detected with lipid labeled in the serine moiety under standard assay conditions; such a reaction does take place in the absence of divalent metal ions. Stimulation by phosphatidylserine is also not due to a carrier effect aiding the extraction of the labeled product by chloroform; adding phosphatidylserine just before termination of a carrier lipid-free assay mixture does not cause an increase in the amount of labeled lipid recovered. Other lipids, such as phosphatidylglycerol, phosphatidylcholine, phosphatidylethanolamine, cardiolipin, and several lysophospholipids, including lysophosphatidylserine, had no effect on serine incorporation, thereby ruling out a generalized lipid effect. The variation in specific activity measurements between preparations of cell-free extracts was 30 to 40%, whereas variation within any single preparation was not signiflcant.
The phosphatidylserine synthase activity from B. licheniformis was also measured by the L-serine-dependent release of [5-3H] CMP from [5-3H]CDP-diacylglycerol (Table 3) . This extract also contained an apparent CDP-diacylglycerol hydrolase activity (indicated by serineindependent release of CMP) as do extracts from gram-negative bacteria (7, 23) . The release of CMP stimulated by L-serine is consistent with the presence of a CDP-diacylglycerol-dependent phosphatidylserine synthase activity. The addition of phosphatidylserine had no significant effect on this serine-dependent release. After corrections were made for the hydrolase activity, the rate of CMP release was very comparable to the rate of serine incorporation in the absence of phosphatidylserine (Table 2) . Finally, the incorporation of radiolabeled L-serine into phosphatidylserine could be shown to be highly dependent on CMP in the presence of phosphatidylserine when CDP-diacylglycerol was absent (Table 4) .
Labeled serine incorporated into chloroformsoluble material was found exclusively in phosphatidylserine ( To definitively establish the direct involvement (as opposed to a stimulatory role) for CDPdiacylglycerol in phosphatidylserine formation, the reaction of cytidine-P-32P-diacylglycerol (i.e., liponucleotide labeled in the phosphatidyl moi- 16 Minus L-serine 5.6 Minus L-serine and phosphatidylserine 5.6 aThe complete system was constituted as described for the standard assay mixture described in the text, except the liponucleotide as [5-3H] CDP-diacylglycerol was radiolabeled rather than the L-serine.
Based on the formation of water-soluble [5- 3H]CMP after a 25-min incubation with cell-free extracts. (Table 5) ; the low level of conversion in the absence of serine as well as the formation of Px (unknown spot with an Rf similar to that of phosphatidylglycerol) was significantly reduced by using washed membranes (data not shown). The reaction is highly dependent on divalent metal ion and is not stimulated by lysophosphatidylserine. The divalent metal ion effect on the loss of CDP-diacylglycerol confirms the dependence of the phosphatidylserine synthase on manganese and rules out the possible role of the divalent metal ion in protecting the product against hydrolysis ( Table  5 ). The two-to threefold stimulation by phosphatidylserine is consistent with the exchange of 32P-labeled phosphatidyl backbone between CDP-diacylglycerol and phosphatidylserine in the presence of L-serine.
In summary, radiolabeled serine was incorporated into phosphatidylserine dependent on CDP-diacylglycerol and stimulated by phosphatidylserine. Release of label from cytidine-labeled CDP-diacylglycerol was stimulated by serine but not phosphatidylserine. The incorporation of radiolabeled serine into phosphatidylserine was also shown to be dependent on CMP in the absence of liponucleotide. In addition, the phosphatidyl moiety of the liponucleotide was shown to be directly converted to phosphatidylserine dependent on serine; this conversion was (7) . Similar results were seen in B. subtilis, which was not as extensively studied.
The stimulatory effects of phosphatidylserine and CMP on the various reactions studied in this report suggest that the phosphatidylserine synthase in these organisms catalyzes a sequential BiBi reaction. It is known that in such mechanisms, the presence of one of the products in a reaction involving two reactants and two products can enhance an exchange reaction between a product and one of the reactants in the presence of the other reactant (4) . Therefore, the incorporation of L-serine into lipid should be stimulated by addition of phosphatidylserine to serine plus CDP-diacylglycerol and by the addition of CMP to phosphatidylserine and serine.
DISCUSSION
The subcellular distribution experiments reported here markedly distinguish phosphatidylserine synthases in several gram-negative organisms from these enzymes in the bacilli studied here as well as from yeasts (29) , C. perfringens (3), and C. butyricum (28) , which have been previously studied. These two types of enzymes are also distinguished by their dependence on divalent metal ions for activity. The membraneassociated activities studied in this communication appear not to follow a BiBi ping-pong kinetic mechanism as does the enzyme from E. coli (26) , but rather a BiBi sequential reaction kinetic mechanism similar to the E. coli membrane-associated phosphatidylglycero-P synthase (8) , which catalyzes a similar displacement of CMP from liponucleotide. The physiological significance, if any, for these different mechanisms remains unknown. Now that the reaction catalyzed has been identified and the conditions for solubilization have been established, it should be possible to purify these enzyme activities from gram-positive bacteria so that they can be studied in more detail and compared both physically and enzymologically to the E. coli enzyme.
The presence of a CDP-diacylglycerol-dependent pathway for the formation of phosphatidylserine in B. licheniformis and B. subtilis, as well as in the previously studied gram-positive bacteria, indicates considerable similarity between gram-negative and gram-positive bacteria in their pathways for phospholipid metabolism. (17) suggests that such a pathway for phosphatidylserine synthesis may not be necessary in the strain of B. megaterium which they investigated. Langley et al. (14) reported results similar to those of Lombardi et al. (17) , but concluded that their results were due to a large, slowly metabolized pool of phosphatidylserine. We were able to detect a membrane-associated phosphatidylserine synthase activity in B. megaterium (ATCC 14581), as were Langley et al. (14) , with similar properties to the B. licheniformis activity, but due to its low level we were unable to characterize it fully (data not shown). In none of these bacilli were we able to demonstrate an exchange of serine for the glycerol moiety of phosphatidylglycerol as should occur based on the labeling data of Lombardi et al. (17) . Further studies, most likely using defined mutants in lipid metabolism, will be required to establish which pathways predominate in vivo.
Finally, when assayed under the conditions of the enzyme from E. coli (6), we have noted in vitro levels of phosphatidylserine decarboxylase activity in B. licheniformis and B. subtilis comparable to the levels of synthase activity; similar results have been reported for other gram-positive bacteria (3, 14, 28) . This activity is usually in excess relative to phosphatidylserine synthase in gram-negative organisms (7) . This result may simply represent suboptimal assay conditions for the decarboxylase in gram-positive bacteria or may reflect a real difference which may affect the dynamics of phosphatidylserine metabolism in vivo.
